To determine the region of 16S ribonucleic acid (RNA) at the interface between 30 and 50S ribosomes of Escherichia coli, 30 (5, 8, 9, 11, 12, 17, 29) . There are no comparable data that indicate that areas of 16S RNA are at the interface between 30 and 50S ribosomes. There are, however, a number of lines of evidence which demonstrate that restricted parts of 16S RNA are on the "surface" of the 30S subunit. (i) Colicin E3 treatment of 70S ribosomes creates one hydrolytic split in 16S RNA, 48 nucleotides from the 3' end of the chain. These ribosomes are inactive in protein synthesis (2, 25). (ii) The number of G residues in 30S ribosomes that react with kethoxal is limited; however, a significant number are located in the 3' half of the chain (18). (iii) Ti ribonuclease (RNase) treatment of 30S ribosomes releases a variety of oligonucleotides from widely separated areas on the 16S RNA molecule; about 50% of these oligonucleotides come from an area near the 3' end of the chain (24) contained in sections A and J (6; see Fig. 5 ). By this criterion, the largest unprotected area of RNA is near the 3' end of the chain (24, 34). (iv) There is a polypyrimidine tract at the end of 16S RNA of 30S ribosomes of all procaryotes, which Shine and Dalgarno (26, 27) have suggested base-pairs with a polypurine cluster preceding the initiating codon of many messenger RNA molecules, suggesting a role for the 16S RNA in the initiation of protein synthesis.
To determine the region of 16S ribonucleic acid (RNA) at the interface between 30 and 50S ribosomes of Escherichia coli, 30 and 70S ribosomes were treated with Ti ribonuclease (RNase). The accessibility of 16S RNA in the 5' half of the molecule is the same in 30 and 70S ribosomes. The interaction with 50S ribosomes decreases the sensitivity to Ti RNase of an area in the middle of 16S RNA. A large area near the 3' end of 16S RNA is completely protected in 70S ribosomes. The RNA near the 3' end of the molecule and an area of RNA in the middle of the molecule appear to be at the interface between 30 and 50S ribosomes. One site in 16S RNA, 13 to 15 nucleotides from the 3' end, normally inaccessible to Ti RNase in 30S ribosomes, becomes accessible to Ti RNase in 70S ribosomes. This indicates a conformational change at the 3' end of 16S RNA when 30S ribosomes are associated with 50S ribosomes.
All cells contain two ribosomal subunits which are physically, chemically, and functionally differentiated (32, 33) . In procaryotic cells, peptide bond formation (i.e., chain elongation) depends on the formation of 70S ribosomes from 50 and 30S subunits, although the initiation of protein synthesis takes place on 30S ribosomes (13) . The association of the two subunits is, therefore, a crucial step in protein synthesis, and it is of some interest to know how the two subunits interact. There are, in theory, a number of ways in which they could be held together, and they involve either protein:protein, protein:ribonucleic acid (RNA), or RNA:RNA interactions or some combination of these three. Although we do not know what proteins participate in subunit interactions, there are a number of 30 and 50S proteins at or near the interface between the two subunits that are available, at the very least, to play such a role (5, 8, 9, 11, 12, 17, 29) . There are no comparable data that indicate that areas of 16S RNA are at the interface between 30 and 50S ribosomes. There are, however, a number of lines of evidence which demonstrate that restricted parts of 16S RNA are on the "surface" of the 30S subunit. (i) Colicin E3 treatment of 70S ribosomes creates one hydrolytic split in 16S RNA, 48 nucleotides from the 3' end of the chain. These ribosomes are inactive in protein synthesis (2, 25) . ( ii) The number of G residues in 30S ribosomes that react with kethoxal is limited; however, a significant number are located in the 3' half of the chain (18) . (iii) Ti ribonuclease (RNase) treatment of 30S ribosomes releases a variety of oligonucleotides from widely separated areas on the 16S RNA molecule; about 50% of these oligonucleotides come from an area near the 3' end of the chain (24) contained in sections A and J (6; see Fig. 5) . By this criterion, the largest unprotected area of RNA is near the 3' end of the chain (24, 34) . (iv) There is a polypyrimidine tract at the end of 16S RNA of 30S ribosomes of all procaryotes, which Shine and Dalgarno (26, 27) have suggested base-pairs with a polypurine cluster preceding the initiating codon of many messenger RNA molecules, suggesting a role for the 16S RNA in the initiation of protein synthesis.
In an elegant experiment, Steitz and Jakes (28) have demonstrated that the short polypurine sequence preceding the AUG codon in the messenger RNA for the R17 A protein basepairs with the polypurine tract in the 16S RNA of 30S ribosomes, which is in accordance with the hypothesis of Shine and Dalgarno (26, 27) .
Thus, a small portion of RNA on the surface of the 30S ribosome at the 3' end of the chain appears to play a direct role in the initiation of protein synthesis.
at the interface with 50S ribosomes. These data offer support for the hypothesis of Van Duin et al. (31) .
MATERIALS AND METHODS
The growth of Escherichia coli MRE 600 on 32p medium and the isolation of 70, 30, and 50S ribosomes and the RNA from them have been previously described (23) . The various buffers used are as follows. Buffer Uniformly labeled 70S ribosomes were obtained from S30 extracts of E. coli by centrifugation at 39,000 rpm for 75 min in a no. 40 Spinco rotor. Fifty units of ribosomes measured at an optical density of 260 nm were washed one time with 3 ml of buffer 10, spun at 39,000 rpm for 60 min, resuspended in 1.0 ml of buffer 10, and treated with 250 ,tg of Ti RNase for 5 min at 23°C. Salt-washed 70S ribosomes were prepared by suspending 50 units of ribosomes measured at an optical density of 260 nm in 1 M NH4Cl buffer (buffer N) and shaking in the cold for 24 h. The ribosomes were centrifuged at 100,000 x g for 60 min, resuspended, and washed one time in 1.0 ml of buffer 10 . The 70S ribosomes were finally resuspended in 1.0 ml of buffer 10 and treated with 250 ,tg of Ti RNase for 5 min at 23°C. Polyacrylamide gel electrophoresis of RNA fragments and retrieval of the fragments were carried out as previously described (1) . All procedures for two-and one-dimensional electrophoretic separation of oligonucleotides have also been previously described (1, 22 (6) . To help in our analysis of the data, Fig. 2 contains the 16S RNA molecule organized in lettered sections (6) . The meaning of the hatched and clear boxes above the lettered sections and the arrows below the sections has been deferred until the discussion. (ii) Band 7 is an RNA fragment that is 66 nucleotides long and includes the unique oligonucleotides found in section D' (6) . (iii) Band 3' is a piece of RNA which is the final 25 nucleotides of the 3' end of the 16S RNA chain and is about one-half the length of both section J (6) and the colicin E3 fragment (2) . (iv) Low-molecular-weight fractions I and II includes a collection of unique oligonucleotides that come from various parts of the 16S rRNA chain; a large percentage of these unique oligonucleotides comes from sections A and J (6, 24) near the 3' end of the chain. They range in size from 6 to 12 nucleotides. The RNA at the top of the gel is composed of very large RNA fragments, some of which have been previously characterized (24) . In column 2 of Fig. 1 If we compare the gel patterns of RNA derived from 70S ribosomes and free 30S ribosomes ( Fig. 1 , columns 2 and 4), we see a number of differences and two basic similarities. The similarities are: (i) the presence in every preparation of a fragment with the same mobility as band 5' and (ii) the presence of a lowmolecular-weight fraction II. The differences between free 30 and 70S ribosomes are as fol- lows. In 70S ribosomes, the concentration of band 7 is greatly reduced (column 3), whereas band 3' is missing and a low-molecular-weight fraction I is replaced by a fraction labeled 3'-70. Fraction 3'-70 migrates with the bromophenol blue dye marker in 10% polyacrylamide gels, indicating a fragment of RNA about 13 to 15 nucleotides long, and is differentiated from fraction I by its oligonucleotide composition. Identity of band 5'. In every instance of Ti RNase treatment of either 30 or 70S ribosomes, a fragment of RNA with a mobility identical to that of band 5' is generated. The identity of band 5' was confirmed by complete digestion with Ti RNase and separation of the digest by two-dimensional electrophoresis (Fig. 3) . All the oligonucleotides previously found in the standard band 5' oligonucleotide "fingerprint" (23; Fig. 3A ) are found in a band having the same electrophoretic mobility from 70S Ti RNase-treated ribosomes (Fig. 3B) . In addition to the oligonucleotides of band 5', a unique set of oligonucleotides derived from 5S RNA is also in the band (4; Fig. 3B ) because the 5S RNA of the 50S subunit co-migrates with 5', since they are both 120 nucleotides long. We had previously shown that band 5' emerges in molar quantities from Ti RNasetreated 30S ribosomes (23) . When 70S ribosomes are used as substrate, it appears from preliminary estimates that band 5' also appears in molar quantities. It is, therefore, quite clear that even when 30S ribosomes are combined with 50S subunits, the Ti RNase-sensitive site, some 120 nucleotides from the 5' end of the 16S chain, remains completely accessible to the enzyme.
Quantitative reduction of band 7. Although the susceptibility of the band 5' area of 16S RNA to Ti RNase remains constant in 70S ribosomes, other parts of the 16S RNA become differently susceptible to nuclease action when 30S ribosomes are combined with 50S ribosomes. In the normal digest of 30S ribosomes, band 7 emerges in a molar ratio to band 5'; however, the amount of band 7 that is recovered from 70S ribosomes is estimated to be about 0.2 to 0.3 M. The oligonucleotide composition of the low-yield band 7 is nonetheless unchanged, except for some contaminating oligonucleotides (Fig. 4) .
Alteration of band 3'. To clarify our analysis of events at the 3' end of the 16S rRNA molecule, we have provided the final 175 or so nu- Band 3', the final 25 nucleotides at the 3' end of the molecule, is generated by Ti RNase treatment of 30S ribosomes in buffer 5 (24) and buffer 10 (Fig. 6A) . Figure 6A shows that the oligonucleotides m26Am.26ACCUG, UUG, CG, and AUCACCUCCUUAOH are found in band 3'. The oligonucleotides on its 5' side appear in the low-molecular-weight fraction (24; Fig. 5 ). When 70S ribosomes are treated with Ti RNase, a new fraction, designated 3'-70 (Fig. 1) , whose oligonucleotide content is shown in Fig. 6B is produced. This fraction contains the following components: m26Am26ACCUG, CG, UUG, and AUCACCUCCUUAOH. These oligonucleotides, if they were covalently linked to each other, as they normally are in 16S RNA and in band 3' (Fig. 5) , would span a region of RNA 25 nucleotides in length. Since a piece of RNA of this length would normally be found in the region occupied by band 3', it appears that the final 25 to 30 nucleotides of the 3' end have been converted into two similar-sized fragments about 13 to 15 nucleotides long, comigrating to this new position in the gel.
Modification of low-molecular-weight fractions in 70S ribosomes. A number of differences emerge when the oligonucleotide composition of the low-molecular-weight fractions obtained from 30 and 70S ribosomes are compared. 30S ribosomes treated with Ti RNase in buffer 5 or 10 yield two low-molecular-weight fractions. Fraction I contains the oligonucleotides CUUACCACUUUG and CUUAAC-CUUCG, both found in section A (Fig. 2  and 5 ), plus a number of small, nonunique (less than six nucleotides) oligonucleotides. The large oligonucleotides have been previously characterized (6, 24, 34) and were recognized by their positions on two-dimensional electrophoretic separation of oligonucleotides done according to the method of Sanger and associates (22) . Fraction II contains the remainder of the oligonucleotides shown in Fig. 7A . This radioautograph actually contains all the oligonucleotides found in fractions I and II because this low-molecular-weight RNA fraction from 30S subunits was obtained from 5% polyacrylamide gels which do not resolve fractions I and II.
There are about 14 unique oligonucleotides, i.e., those with six or more nucleotides, plus smaller oligonucleotides containing methyl groups found in this fraction. Nine of these oligonucleotides, including the sequence mUAACAAG, are derived from sections A and J. One of the methylated oligonucleotides, spot 18, with five bases is also found in section A. Two oligonucleotides are found in section O'. Another oligonucleotide with the composition (3U,1C)G, may also come from section O' if its sequence is UCUUG. One oligonucleotide comes from section D, which is adjacent to O'. Two oligonucleotides are derived from section C"; one of them appears to be a methylated tetramer (spot 19). When 70S ribosomes are treated with Ti RNase, however, band 3'-70 replaces fraction I, whereas fraction II (Fig. 7B) is a simple mixture of small oligonucleotides three and four nucleotides in length. It contains none of the unique sequences found in fraction II obtained from 30S ribosomes.
Ammonium-chloride-washed 70S ribosomes. It is possible that, in freshly prepared 70S ribosomes, the RNA of the 30S subunit is not only protected from Ti RNase hydrolysis by 50S ribosomes but also by extraribosomal components which, fortuitously or otherwise, bind to 16S RNA (20, 21) . To test this possibility, 70S ribosomes were first washed with buffer containing 1 M NH4Cl and then treated with Ti RNase. Isolated 50S ribosomes were also treated with Ti RNase to determine which oligonucleotides obtained from salt-washed 70S ribosomes might come from the 50S subunit.
The gel pattern of RNA derived from saltwashed 70S ribosomes is virtually identical to the pattern obtained from unwashed 70S ribosomes, which is shown in Fig. 1 (column 3) . For example, band 3'-70 is produced and contains all the oligonucleotides found in band 3'. In addition, this fraction contains the following oligonucleotides: AACCUUACCUG, which is found in section O', and the oligonucleotide CUAACUCCG, which is derived from the 5' end of section C" (6) . No fraction I is produced; fraction II oligonucleotides from salt-washed 70 and 50S ribosomes are shown in Fig. 8A and 8B, respectively. It is clear that additional oligonucleotides are also found in fraction II from salt-washed 70S ribosomes when compared to fraction II from unwashed 70S ribosomes (compare Fig. 8A to 7B ).
Many of these oligonucleotides are derived from the rRNA of 50S ribosomes. A small but significant number are derived from the rRNA of 30S ribosomes and are among the oligonucleotides in fraction II obtained from Ti RNasetreated 30S ribosomes (Fig. 7A) . For example, we find the sequence UUUUCAG (section D); also present in lesser amounts is the sequence UUUAAUUCG (section O'). Two other oligonucleotides are present with the following compositions: (2U,3C)G and (U,3C)G. Oligonucleotides with these compositions appear more than one time in 16S RNA, and until their sequences are determined, it is not possible to assign them to a particular region of the molecule. Another interesting oligonucleotide, number 7, is present in both "fingerprints," suggesting that it is derived from the rRNA of 50S ribosomes. Its composition is (3U,C)G. Both 16 Oligonucleotides numbered 19 and 18 are assumed to have the sequences GmCCG and CCmCCG (34), respectively, because they correspond in electrophoretic properties to oligonucleotides previously characterized (30) . Oligonucleotides 19 and 18 have been placed in section C" and A, respectively (6) . Letter in brackets next to each oligonucleotide indicates its section location in 16S RNA (6) . The sequence of the oligonucleotide represented as spot a is not certain. It may come from section O'. The oligonucleotide represented by spot b was characterized by its pancreatic RNase digestion products. Although there are two oligonucleotides in 16S RNA with this composition, we favor the sequence listed here because this is the oligonucleotide immediately adjacent to GmCCG (oligonucleotide 19 ) which also appears in this fraction, whereas the other sequence is in the middle ofthe large RNA fragment which is produced by Ti RNase treatment of30S ribosomes and covers sections C" to C'2 (band 300; 24). There is no section allocation for the oligonucleotide represented by spot c (34) . Arrow 1 indicates electrophoresis on cellulose acetate in acetate buffer (pH 3.5). Arrow 2 indicates electrophoresis on a diethylaminoethyl-cellulose-7% formic acid solvent. molecule, normally resistant to Ti RNase, appear to undergo a conformational change that alters its sensitivity to Ti RNase. We shall consider each of these phenomena in turn.
When free 30S ribosomes are exhaustively treated with Ti RNase, a range of RNA fragments is produced (24) . Those which have been characterized are indicated by open bars that span the appropriate lettered regions (Fig. 2) . Band 3', 25 nucleotides long, covers half of section J. A band about 475 nucleotides long includes sections E', K, P, P', and E. Part of J and most of A between these two fragments are converted to low-molecular-weight material. to low-molecular-weight RNA (Fig. 7) . Three other fragments, indicated by open bars, have been characterized: band 7, 66 nucleotides long from section D'; a large fragment about 300 nucleotides in length covering sections C", C, C'l, K', and C'2; and band 5', 120 nucleotides long, a fragment that covers section L (24) . Two other areas have been indicated by hatched bars; their composition has not been determined, but we assume they remain intact, since none of their unique oligonucleotides are found in low-molecular-weight RNA. These data show that there are two large areas of 16S RNA in the intact 30S ribosome which are hydrolyzed by Ti RNase and thus assumed to be single-stranded, surface components. They include sections A-J and O'-D. Smaller, equally sensitive sites are on either side of section D' (to generate band 7), on the 5' side of C", and between sections L and H" (Fig. 2) . The area within band 7, section D', is also apparently single stranded although not cleaved by Ti RNase, since three closely positioned oligonucleotides are labeled with kethoxal (18) .
When salt-washed 70S ribosomes are treated with Ti RNase, no oligonucleotides of section A or J are converted into low-molecular-weight fractions. Band 7 is produced, albeit in reduced amounts, indicating that the sites on either side of band 7 are less accessible in 70S ribosomes than in 30S ribosomes. All other sites sensitive to Ti RNase in 30S ribosomes, i.e., the section between L and H", the area on the 5' side of C" and the region O'-D, are sensitive in 70S ribosomes.
It is important to stress that band 5', 120 nucleotides long, from section L at the 5' end of the 16S RNA, is produced by Ti RNase treat-ment of 70S ribosomes. Thus, whatever site was available to Ti RNase on 30S ribosomes, which led to the production of band 5', is still available when 30S ribosomes are combined with 50S ribosomes. We conclude that the 5' end of the 16S RNA is not at the interface between the two subunits, nor is its Ti RNase sensitivity influenced by the presence of 50S subunits.
It is clear that, of the six areas of rRNA of the 30S ribosome which can be shown to be surface components (Fig. 2) , only section A and part of section J remain inaccessible to Ti RNase hydrolysis when 30 and 50S ribosomes are associated into 70S ribosomes. We conclude that sections A and J are at the interface between the two subunits.
Band 7 (section D') does not appear to be directly at the interface of the two subunits. Nevertheless, it may be near enough to it so that its sensitivity to nuclease is significantly influenced by the presence of 50S ribosomes. If section D' is at the interface, it suggests that distant portions of the same RNA molecule may be in close proximity in the intact ribosome. Such a model for ribosome organization is supported by two kinds of experiments. (i) S18 and S21 proteins can be cross-linked in intact 30S ribosomes (14) . This indicates that these two proteins are physically close to each other in the 30S particle even when their respective binding sites on 16S RNA, section D'-O for S18 and the 3' end of the molecule for S21, are some 700 to 800 nucleotides apart. (ii) Individual ribosome proteins can bind in vitro to noncontiguous regions of 16S RNA (15) , which suggests that distance portions of RNA molecules can be brought physically close by ribosomal proteins.
Section D', which has the interesting structural feature that three closely positioned oligonucleotides are reactive to kethoxal (18) , is a region where the sequence is apparently highly conserved in procaryotic cells (34) . It is likely that all these properties of section D', singlestranded character, position near or at the 30S-50S ribosome interface, and the highly conserved primary structure, are related to the role of 30S ribosomes in protein synthesis.
One of the oligonucleotides present in the low-molecular-weight fraction II obtained from 30S ribosomes is the sequence mUAACAAG (Fig. 7A) . It is not released from 70S ribosomes by nuclease treatment. It appears in section J (Fig. 2 and 5 Fig. 4 ). If that is the case, it is reasonable that this oligonucleotide appears at the 30S ribosome interface with 50S ribosomes. It is interesting to note this oligonucleotide is present in the 16S RNA of 27 procaryotic cells (34) .
Structural changes at the 3' end of 16S RNA. The final 30 nucleotides at the 3' end of the chain appear to undergo some interesting structural modifications induced by interaction with 50S ribosomes. Although no enzymatic breaks are made within the final 25 nucleotides of the 3' end of the 16S RNA of free 30S ribosomes (Fig. 5) , when 70S ribosomes are digested, one enzymatic break is made about 13 to 15 nucleotides from the 3' end and another cut is made, perhaps 26 to 30 bases from the 3' end. This digestion pattern indicates that these two sites are neither base-paired nor protected by the 50S-30S ribosome interaction. Furthermore, this fragment of RNA is quite unique in 70S ribosomes, since it contains the only sequences of RNA accessible to enzyme in this entire area, whereas in the free 30S ribosome it was the only sequence inaccessible to Ti RNase hydrolysis. These data explain why band 3' is not generated from 70S ribosomes.
These apparent structural changes at the 3' end of the 16S RNA of 30S ribosomes, induced by association with 50S ribosomes, raises the intriguing possibility that these conformational alterations reflect different functional states of the RNA and thus of the 30S ribosome.
After this paper was submitted for publication, we received a personal communication from Nora M. Chapman and Harry F. Noller (J. Mol. Biol., in press) in which they reported on the available kethoxal sites in 16S RNA in 30 and 70S ribosomes. They found that: (i) the reactivity of the sites in the 5' terminal 600 nucleotides is the same in 30 and 70S ribosomes; and (ii) two regions of 16S RNA, one near the middle of the molecule (section C-D') and another at the 3 
